Abstract-A wireless channel control concept based on spatially, i.e., position adaptive antenna arrays is introduced. This technique simultaneously utilizes beam-steering and spatial adaptation to enhance the wireless channel gain and system capacity. The concept is inspired by the microfluidically reconfigurable RF devices as they can enable compact systems with spatial adaptation capability. Specifically, a five element linear 28 GHz mm-wave antenna array design that can achieve beamsteering via phase shifters and spatial adaptation via microfluidics is detailed. Simulated realized gain patterns at various array positions and phase shifter states are subsequently utilized in link and system level simulations to demonstrate the advantages of the proposed concept. It is shown that a wireless communications system can achieve 51% improvement in the mean signal-tointerference ratio due to the spatial adaptation capability.
I. INTRODUCTION
Wireless channel formation is conventionally accepted as an uncontrollable phenomenon since the physical environment and propagation scenario that determine the fading and timevarying response are assumed to be random. Wireless communication techniques treat the channel response as a given parameter and try to compensate the fading and distortion via equalization [1] and/or benefit from multitudes of independent channels by employing multiple antennas [2] . This causes overall performance of the state-of-the-art techniques to depend on the randomness level of the wireless channel.
In contrast to the traditional wireless spectrum below 6 GHz, small wavelengths of mm-wave bands make physical displacements on the order of several wavelengths practically achievable within compact devices. Based on this observation, a wireless channel control concept utilizing spatially, i.e., position adaptive antenna arrays is proposed. The main principle relies on the fact that the phase of each multipath component is affected by the position of the antenna array. The system level objective is therefore to find the best array position that will provide a constructive combination of the individual components for maximizing the received signal power and reduce fading, especially in narrowband systems. For the broadband systems, controlling the channel will reduce the burden on the scheduler by finding the better channel for the same resource(s) allocated to a user. On the other hand, this concept also provides additional degree of freedom for the system and increases the reliability with spatial diversity via displacing the antenna array spatially. To carry out this control concept, the presented study employs the microfluidically reconfigurable RF devices. References [3] - [5] have recently utilized repositionable selectively metallized plates inside microfluidic channels bonded to printed circuit board (PCB) substrates to realize wideband frequency tunable antennas, filters, and mm-wave beam-steering focal plane arrays. As compared to a mechanical assembly, a microfluidic based approach requires movement of a lower mass, i.e., a selectively metallized plate defining the antennas by allowing to keep the feed network stationary [5] . This is expected to result in low-cost, compact, and efficient devices.
To demonstrate the advantages of the proposed channel control concept, the following section considers a wireless communication system model at 28 GHz in which a base station (BS) and a user equipment (UE) employ spatially adaptive antenna arrays and omni-directional antennas, respectively. Section III summarizes the design, layout, and simulated performance of the antenna array. Section IV presents the evaluation of the system performance. It is shown that the wireless communications system observes 51% gain in the mean signal-to-interference ratio (SIR) due to the inclusion of spatial adaptation capability. Fig. 1 depicts the downlink scenario in which a BS and a UE are equipped with a spatially adaptive linear antenna array and an omni-directional antenna, respectively. The considered antenna array is capable of changing its position along the y-axis using microfluidics and perform beamsteering in the orthogonal x-z plane using phase shifters. After passing through the wireless multipath channel, the 1558-2558 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
II. SYSTEM MODEL
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transmitted signal x(t) is received as
where h(t, τ ; d) is the channel response between the transmitter and the receiver including the radiation pattern and the multipath reflections, d is the spatial offset of the transmitter antenna array and w(t) is the additive white Gaussian noise. In a directional transmit (tx) or receive (rx) scenario, resulting channel response is determined by the weighted sum of the taps as
where l is the path index, L is the total number of paths, τ is the delay of the lth path, g kl (t, τ ; d) is the complex channel gain of lth path of kth cluster, and u(θ k (d)) is the antenna gain factor as a function of the departure/arrival angle of the tx/rx signal path. In this scenario, the multipath environment itself is considered to be time invariant. Thus, the only source of change in the multipath response is the spatial offset d of the transmitter antenna array. Therefore, the time variable can be substituted into the offset value, i.e., d(t). In addition, the bandwidth of the signal is considered not to be sufficiently large enough for resolving each path in a cluster. Thus, the paths in each cluster are combined to constitute one tap per cluster as would be valid in indoor environments. Consequently, by dropping the path dependency in multipath delays via τ kl ≈ τ k , the channel response can be further simplified as
Mm-wave channels are known to be sparse [6] . Therefore, small alterations in the antenna location in the range of few wavelengths is expected to vary the phase of each tap coefficient due to change in total propagation distance. This sparse nature of the mm-wave multipath channel is the key enabling factor that makes the control of the overall channel response via spatial adaptation possible.
III. SPATIALLY ADAPTIVE ANTENNA ARRAY Fig. 2 depicts the structure and substrate stack-up of the 5 element linear 28 GHz patch antenna array that is considered for the performance evaluation of the proposed wireless channel control concept. A 254 μm thick 54 × 30 mm 2 RT5880LZ PCB ( r = 1.96, tan δ = 0.0027) acts as a selectively metallized plate placed inside a microfluidic channel that is prepared within 1 mm thick polydimethylsiloxane layer (PDMS, r = 2.7, tan δ = 0.04). The remaining volume of the microfluidic channel is filled with a low-loss dielectric solution (FC-40, r = 1.9, tan δ = 0.0005). The top and bottom surfaces of the RT5880LZ PCB carry the patch antenna and the 50 microstrip feed line (M2) metallization patterns, respectively. The feed lines are electrically connected to the antennas with vias. The microfluidic channel is bonded to a 127 μm thick 105 × 40 mm 2 RT5880 PCB ( r = 2.2, tan δ = 0.0009) using a 6 μm thick benzocyclobutene (BCB, r = 2.65, tan δ = 0.0008) layer. The top surface of the RT5880 PCB carries the stationary microstrip feed lines (M1), the grounding pads (M1), and the vias. Its bottom surface is the ground plane of the antenna system. This substrate stack-up is similar to the recent microfluidically reconfigurable antenna [3] and filter [4] realizations with the exception of utilizing thinner layers and lower permittivity PCBs for enhanced radiation performance at 28 GHz. Piezoelectric micropumps drive a closed loop fluid system and generate the flow to reposition the PCB inside the microfluidic channel [3] - [5] . Distances d = 0 mm and d = 45 mm denote that the PCB located inside the microfluidic channel is at its farthest and closest position to the input/output RF ports of the stationary feed network, respectively. Fig. 2 also illustrates the state of the PCB inside the microfluidic channel at d = 10 mm, d = 22.5 mm, and d = 45 mm positions. Fig. 3 shows the layout details of the antenna and the feed lines. In a physical device implementation, the input/output RF ports of the stationary feed network (M1 trace) are expected to be interconnected with other PCB layers that will be hosted under the ground plane of the antenna system and interface with the digital phase shifters. The thin BCB insulator between the M1 trace and the feed line inside the microfluidic channel (M2 trace) allows for strong capacitive coupling in overlapping regions. This is utilized for allowing the RF signal to pass between the two traces without making physical electrical contact.
The feed line design is carried out using momentum suite of the Keysight's advanced design system (ADS) software due to its accuracy and effectiveness in handling planar layered geometries. The 50 microstrip lines are designed for the selected substrate stack-up using the procedure outlined in [5] . As shown in Fig. 3 , the feed lines maintain a constant overlap length (f ov ) of 2.7 mm at any (d) position of the moving PCB. A 1.94 mm long (≈ λ g /4, where λ g is guided wavelength) short-ended stub is placed to create an open circuit condition at one end of the T-junction to fully direct the signal from the RF port to the antenna, Layout details of the antenna, feed network, and grounding vias (units: mm). and vice versa. As depicted in Fig. 4(a) , f ov affects the bandwidth of the feed network and it is selected to get the largest S 21 > −0.5 dB bandwidth around 28 GHz. As the PCB inside the microfluidic channel moves to greater d positions, the open-ended M2 trace that remains outside of the overlap area exhibits resonances that hinder the functionality of the feed network (see Fig. 4(b) ). This issue is alleviated by grounding the M2 trace in 5 mm periods using grounding pads and vias over the PCB of the stationary feed network (see Fig. 4(c) ). Fig. 4(d) demonstrates the S 21 performance of the feed network at 28 GHz as the PCB inside the microfluidic channel is positioned from d = 0 mm to d = 45 mm. As seen, the loss is linearly proportional to the feed line length and 0.15 dB loss at d = 0 mm implies the effectiveness of the designed feed transition.
Antenna array design is carried out with Ansys HFSS v16.2 to account for the finite substrate and ground plane effects. The patch antenna element of the array has a footprint of 3.4 × 3.08 mm 2 and resonates at 28 GHz with a 3.2 GHz of S 11 < −10 dB bandwidth. The element separation within the array is 5.4 mm and corresponds to λ/2, where λ is the free space wavelength. The radiation efficiency is 80% when the array is located at its closest position, i.e., d = 45 mm to the RF ports and is primarily affected by the dielectric loss of the PDMS mold that forms the microfluidic channel. In this position, the uniformly excited array exhibits 11.1 dB realized broadside gain with 20°half-power-beamwidth (HPBW) in the x-z plane. As expected, a lower radiation efficiency is attained when the array moves to different positions due to the increased feed line loss. The realized gain of the array drops by ∼ 5 dB as the beam is scanned to θ = ±50°from the broadside using a progressive phase shift of β = ∓7π/8. This 100°range is taken as the FoV of the array. To represent the beam-steering performance accurately, 15 different realized gain patterns are extracted by varying β in π/8 increments which is also possible to accomplish with commercially available discrete phase shifters. The array position is varied with d = 2.5 mm, i.e., ∼ λ/4 increments to sample both correlated and uncorrelated wireless channel gains. Consequently, the total dataset obtained from full-wave electromagnetics simulations consists of 285 realized gain patterns. Fig. 5 depicts representative patterns for various β and d combinations. It is observed that the main lobe characteristic of the radiation pattern is mostly independent of the array position. Therefore, the feed network loss is the major parameter that affects the performance of the array as it is spatially adapted.
IV. PERFORMANCE EVALUATION
To demonstrate the advantage of the proposed concept in the link level, an environment is considered where 800 λ × 800 λ multipath reflection region with scatterers is placed in between a BS and a UE separated 2000 λ apart. The number of scatterers are randomly selected from the Poisson distribution in each realization of the link level simulation (between 2-4) and a single ray reflected from a scatterer is considered. A path loss model and the scenario parameters are adopted from [6] and is given as P L(d B) = α + β10 log 10 r 0 where r 0 is the distance, α is the best fit floating point (α = 72) and β is the slope of best fit (β = 2.92). Different channels are achieved for a BS by spatially displacing the antenna array position as given in equation (3). Fig. 6(a) depicts the link capacity in terms of spectral efficiency as the spatial adaptation range of the antenna array in the BS is increased from 0 λ, i.e., no adaptation to 4.5 λ. While antenna gain is considered as 5 dBi for the omni-directional antenna, the "beam-steering only" scenario uses the realized gain performance of the antenna array positioned at d = 45 mm, i.e., best radiation efficiency and performs beam angle adaptations based on the observed channel gain. On the other hand, the "spatial & beam-steering" scenario harnesses beam angle and position adaptations simultaneously to maximize channel gain. As depicted in Fig. 6(a) , the link capacity increases up to 2 bit/s/Hz with the 4.5 λ spatial adaptation range of the antenna array over beamsteering only array. When the range increases, the link capacity gain increases due to providing more uncorrelated channel responses on the receiver.
The system level advantage of the proposed concept is demonstrated by considering a scenario in which 50 small cells are randomly distributed within a 200 m 2 × 200 m 2 area with each BS serving a single user and has randomly distributed scatterers [6] . The transmit power of each BS is considered as 30 dBm which is taken from [7] . Each BS is assumed to be a selfish, i.e., there is no coordination between small BSs. In narrowband systems, it is also assumed that all BSs allocate the same resource at the same time. A game theoretical framework is established as in [8] . However, in this framework, BSs are modeled to perform simultaneous array position and beam angle selection affecting the received signal strength (RSS) evaluation. This joint behavior also provides interference management in the system. In addition, equation (3) is adapted for modeling wireless channels. The same framework is also modeled with a beam-steering only array for comparison. Every BS searches for the best antenna position and state in terms of SIR. The results are drawn when the system reaches the equilibrium. Similar to link level results, the distribution of spatially adaptive array provides better performance than beam-steering only arrays under the interference coming from the other users in the environment. Fig. 6(b) shows the cumulative distribution function (CDF) of the SIR results. In the mean SIR value, spatially adaptive antenna arrays achieve 51% improvement with respect to beam-steering only arrays. Fig. 6(c) indicates the mean SIR difference in each user separately and presents the advantage of the spatially adaptive arrays per user case. As seen from the figure, the SIR of each user is increased with the spatially adaptive arrays up to 5.4 dB as compared to the beam-steering only arrays.
V. CONCLUSION A wireless channel control concept based on spatial adaptation of antenna arrays has been introduced. Small wavelengths at mm-wave bands make it possible to apply this concept within compact devices. Recently introduced microfluidically reconfigurable RF devices can achieve these spatial adaptations efficiently and in a simple way by keeping the feed networks and control devices (such as phase shifters) stationary. Specifically, a 5 element 28 GHz antenna array design that achieve spatial adaptation over a 4.5 λ distance via microfluidics was discussed. Subsequently, its performance was utilized in example wireless link and system level scenarios. This spatially adaptive antenna array provided 2 bit/s/Hz capacity gain over its traditional counterpart. In addition, 51% increment in the mean SIR can be obtained in the wireless communications system when the array acquired the spatial adaptation capability. Future work will focus on experimental verification of the presented antenna array and investigation of the wireless link/system level performances under different scenarios such as for broadband systems. The reconfiguration speed of the antenna array is expected to be less than 150 ms for λ/4 displacement based on the recent measurements taken with similarly sized microfluidically reconfigurable metallized plates [5] . Effects of speed will also be considered in future.
